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OPTIMAL FUEL SUPPLY CONTROL FOR ELECTRICAL ENERGY
SYSTEMS - A REAL TIME COMPUTER TECHNIQUE
J. Deraid Morgan and Richard A. Smith
University of Missouri - Rolla
Rolla, Missouri
Abstract
The techniques of linear-integer programming are applied to the
problem of supplying coal to power plants. A heuristic technique
for optimizing the supply of coal to power companies is created. The
optimization minimizes the purchase, transportation, and demurrage
costs of coal subject to power system operations, power plant de
mands, coal purchase supply, power plant coal handling operations,
and transport options. A procedure for calculation and analysis of
cost sensitivity of optimal solutions to input data perturbations
is presented which utilizes the optimizing technique.
The nature of the constraint set developed allows for the in
clusion of loading and unloading operations in a fine-tuned sense
for transportation problems. The results are applicable to trans
portation problems for which a homogeneous product is shipped by
inhomogeneous methods, and this application includes problems such
as grain transport, iron ore transport, etc.
I.

and nuclear is expected to be about 50%

INTRODUCTION

and 50%, with hydro generation supplying

Power systems are the means by which

a very small portion [2], The fossil fuel
resource has three contributors: coal, oil,

electricity is generated, transmitted, and
distributed for industrial, commercial,
and private household use.

and natural gas.

An important

accounted for approximately 56% of the

aspect of power system operation is the

generation split among all fossil fuel

production of electricity in as inexpen
sive a way as possible.

plants [3].

The area of pro

situation may cause a dramatic change in

cost associated variables is the genera

the percent use of coal by power companies.

In generation of electri

The change in importance of these factors

cal energy, the type of energy conversion

has been precipitated to a large extent

process used and its associated energy
source are the main sources of the produc
tion costs.

by the 1973 Arab oil embargo.

The subse

quent shortage of oil as a result of the

The primary energy sources

embargo caused many power companies and

for power generation in the U.S. are fos

other world wide users to switch their

sil fuel, nuclear, and water.

energy use from oil to coal; and this

The split of generation among these

switch, at least in the U.S., was encour

energy sources is currently 82%, 1%, and
17% respectively [1].

However, several factors of

importance in the world-wide coal supply

duction that has a majority of production
tion process.

In the past, coal has

aged by a relaxation of EPA air quality

By the year 2000

standards.

the generation split between fossil fuel

Also a shortage of natural gas

reserves is building, which will soon
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In spite of the fact that a sufficient

cause this energy source to become virtu
ally extinct for power company use.

reserve to fulfill the expected increase

Fin

ally, the lead time required for construc

in demand of coal exists, the U.S. coal

tion of nuclear power plants is increasing

situation has one very important problem--

because of continual uncertainties de

the actual amount of coal sold on the mar

veloped from environmental concerns, and

ket that is acceptable for use by power

this delay will not allow nuclear power to

companies is low.

assume a significant share of energy re

supply are threefold:

sources for an extended time.

tion,

Therefore

The reason for this low
(1) low coal produc

(2) poor coal quality, and (3) trans

greater portion of, and eventually almost

portation problems.
The low production of coal began im

all of, the fossil fuel generation in the

mediately after World War II.

U.S.

time oil and natural gas production were

coal will be required to assume a much

[4-13].
A reasonable question to ask after

At that

at high levels as a result of supporting

identifying coal as the most important

the war effort, and these resources natu

available energy resource is whether or

rally began competing with coal as a por

not it exists in sufficient quantity to

tion of the energy supply to power com

meet the expected demands.

panies.

Estimates of

Later in the mid-fifties, the use

U.S. coal supplies are numerous, and the

of nuclear reactors as an inexpensive

results of these estimates place the re

energy source was viewed as the eventual

serve of coal at anywhere from 200- to

leader of all energy production in the

900-years-supply for present rates of con

world.

sumption [14-17].

additional compounding problems in coal

Perhaps a more conser

Then during the 1960's and 1970's,

production occurred.

The Federal govern

vative and reliable estimate is made, in ref
erence [3]. This estimate, based upon cur

ment begain imposing more regulations on

rent mining methods, restricts the re

the construction of mines and mine safety,

serves to coal beds greater than 28 inches

and coal mining companies experienced se

thick and under less than 1000 feet of

vere labor troubles.

overburden.

discouraged mine owners from seeking new

The known reserves described

All of these factors

with these characteristics number 394

sources of capital needed for opening new

billion tons.

mines.

Further restrictions on

Consequently the production of

acceptable heat content and recovery rate

coal has slumped.
Coal quality has impacted coal sup

of underground mining techniques, reduce

ply in a fashion different from that of

their amount to 104.6 billion tons.

production.

these known reserves, such as limits on

As

The problem of coal quality

suming a large yearly increase in produc

is with respect to air pollution regula

tion of 5%, this quantity of coal will

tions and with respect to over-all boiler

last for 104 years.

furnace operation relating to certain coal

This conservative

estimate still allows coal to be a pri

combustion characteristics such as slag

mary energy resource for the U.S., and if

ging, fouling, moisture

used to its full potential, will allow a

Even though the 1973 Arab oil embargo

sufficient span of time for fusion re

caused a relaxation of air quality stan

actors, fast breeder reactors, or solar

dards, these changes cannot last forever.

energy sources to be designed and placed

Restrictions on sulfer oxide and nitrogen

into production as supplemental or re

oxide emissions from power plants will be

placement energy sources.

reimposed, and when they are, not all the
737

and heat content.

coal being sold will be able to comply

increase.

The high demand placed upon a

with these restrictions; i.e., there will

low supply causes the high price.

in effect be even less coal available.

ample, the price of coal rose immediately

The coal combustion characteristics

For ex

after the Arab oil embargo from an average

cited above affect the available supply in

of $7 per ton to an average of $30 per ton,

a different way than pollution regulations.

and the price is still rising.

The increased demand of coal means that

When operating a system under con

power companies may be forced to burn coal

ditions of high expense, determination of

of improper slagging characteristics or

a means of optimizing the system operation

heat content for a given boiler furnace

in order to reduce costs is a reasonable

design.

objective.

This action causes decreases in

The coal supply situation for

furnace efficiency, and consequently re

the power industry is such a system.

sults in higher operating costs and more

combination of high demand, low supply, and

expensive forced outages.

restricted transportation for coal supply

If power com

The

panies restrict themselves to not buying

suggests that even slight improvements of

coal of poor combustion characteristics,

purchasing policies may produce significant

their available market supply will be re

savings.

duced.

power company may spend several hundred

Even with the opening of the

For example, a typical midwestern

Western coal fields, the problem of quali

million dollars for coal in one year.

ty is not solved.

a one percent savings in cost for a single

For even though Western

coal is low in sulfur content (acceptable

Even

year represents a large dollar amount.

to pollution standards), it is poor in

The purpose of this research is to

heat and slagging characteristics when

determine a heuristic technique for opti

burned in plants built to use Midwest or

mizing the supply of coal to power compan

Appalachian coal.

ies.

The problem is enhanced

if Western coal is mixed with Midwestern
and Appalachian coal for these plants.

The problems of supply and demand

associated with coal supply necessarily re
In

duce to programming problems, i.e., a de

some cases, due to the high calcium con

termination of optimal allocation of lim

tent of Western coal, eutectics can be

ited resources.

These problems are char

formed in the boiler furnace that are ex

acterized by the desire to minimize or

tremely difficult to tap or collect with

maximize a cost or objective function sub

existing plant slag and ash handling fa

ject to certain operating constraints that

cilities .
The problems of reduced production

describe a system process.

and the narrowing of acceptable coal qua

ing, and unloading coal at power plants

The coal pro

curement process of purchasing, transport

lity boundaries are accompanied by nation

fits into the description of programming

wide coal transportation difficulties.

problems.

The U.S. suffers from a chronic lack of

sents only one part of the total energy

coal freight cars and crowded riverways,

supply process to the consumer.

the two principal modes of coal trans

part of the energy supply is the conver

portation.
All of these supply problems create

sion of coal energy into electrical energy,
and the transportation of that electrical

the classical economic problem of supply

energy to the consumer.

versus demand and its accompanying ramifi

siderations of this part are often called

cations.

economic dispatch of power.

In this case, these ramifica

tions are forcing the cost of coal to

However, coal procurement repre
The other

The economic con
The boiler-

turbine-generator conversion of coal energy
738

to electricity, the efficiency of such con

power companies (18-22) while others solve

version, and the losses incurred in the

problems for other commodities (23-28).

transmission and distribution are the main

Finally, a third group of papers exist

points of concern in economic dispatch.

which are only indirectly concerned with

Clearly a total optimization of coal supply

optimal resource allocation (29-41).

must also account for its use in the power

The first group of five references

plants as well as its procurement.
The procedure used here to accomodate

contains works that used linear programming,

the coal supply problem to optimization

supply problems for power companies.

will be to allow for operation within the

erences (18-20) demonstrate the possibility

existing utility frameworks for purchas

of using a linear transportation model for

ing, transporting, and handling of coal.

mat for solution.

That is, normal contract procedures, cur

use of three simulation models for coal

rent transportation routes and devices,

supply to the Ontario Hydro Company.

and present coal handling processes at

ally, reference (2 2 ) generalizes the re

generating plants will be followed; and

sults of using various techniques of oper

existing economic dispatching algorithms

ations research for coal supply be Great

will be used. This approach will: (1)
speed the implementation of the algorithm

Britain's Central Electricity Generating

by the power industry;

(2) account for the

and simulation techniques to study coal
Ref

Reference (21) shows the
Fin

Board.
The second group of references cited

limitations of existing transportation

consisted of vehicle scheduling algorithms

route options;

and multiproject scheduling.

(3) assist in minimizing

Reference

demurrage costs; and (4) include power sys

(23), a ship scheduling method, identifies

tem operations as a parameter of interest

points of interest as being allocation and

in the coal supply process.
In deriving the actual algorithm,

ual design which build constraints involv

either linear-integer or non-linear pro

ing time and capacity limitations both on

gramming optimization techniques may be

ships and ports.

used.

lem for coal supplied to steel mills was

scheduling, ship acquisition, and concept

In this research, linear-integer

A barge unloading prob

programming is used as much as possible.

investigated in reference (24). References

The portion of the problem for which this

(25) and (26) studied ship scheduling prob

technique is best suited is the purchase,

lems that assigned a sequence of cargoes

transportation, and unloading of the coal.

to ships in order to maximize profit.

The .power systems operation portion (eco

Routing and scheduling of truck shipments

nomic dispatch) has been studied and well

was studied by reference (27).

documented.

Finally,

reference (28) presented a linear program

Optimization of economic dis

patch uses various techniques of non

ming formulation of multiproject and job-

linear programming with reasonable suc

shop scheduling problems.
The third group of papers included

cess, and no attempt will be made to re

transportation problem formats (29-33).

design or invent new techniques.

Also, stochastic observations of specific
II.

REVIEW OF THE LITERATURE

problems were investigated in references

Numerous papers exist on the subject

(34-37).

References (38-41) included ap

of procurring, shipping, and handling a

plications of the knapsack problem formu

homogeneous commodity.

lations, tanker scheduling, and maximum

Some of these

works deal directly with coal supply to

utility objective function formulations.
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All of the works cited above are lack

to fine-tune the shipping schedules through

ing in some fashion or other in being ap

appropriate variable identification and ob

plicable to the problem studies in this

jective function manipulation in order to

research.

minimize demurrage costs.

The main theme expressed in m

However, once

most of them is the use of the transpor

again the constraint set of eqs. 2.1-2.5

tation problem format in some manner simi

does not lend itself to modeling this prob

lar to that shown in equations 2.1-2.5.

lem.
All of the references overlook the

minimize

2.1

:E c . x . .
ID
ij 13

effect of a supply schedule on the eventual
use of the shipped product at the desti

n
£ x. .=ai ;ail°!ii=l, .. ,m
=i 13
m
Ex.. = b .;b.>0;:j= k ..,m
.=i 13 D D-

nation.

2.2

In the case of power system coal

supply, this point questions how the coal
purchased for a power plant affects its
2.3

generation level setting with respect to
the other power plants in the system for

m
n
E a. = l b .
,=i 1
D=1 3

2.4

a given load profile.

The answer to this

question will require a model of a power

x. .>0
2.5
IDThis formulation is too restrictive to ac

system to a given coal supply schedule.
Finally, a number of sources reviewed
here were simulations of processes in order

count for all options needed to be con

to determine better modes of process oper

sidered for an adequate coal supply model.
For example, consider a coal purchase con

ations.

Simulation techniques for resource

straint that allows a coal shipment to be

allocation problems can be cumbersome be

sent to only one of several locations, and

cause of the need to continuously alter

that no more than a specified maximum and
no less than a specified minimum amount

process parameters to seek better solutions.
Linear-integer programming is more advan

of coal must be selected for the shipment.

tageous than simulation because parameter

The problem here is first to determine a

inputs are by extreme limits, and the par
ticular algorithm chosen optimizes process

means of describing whether or not the

performance within those limits without

coal shipment has been purchased; then to

user interference.

assure that the solution algorithm does

Also, if an optimal

solution to a resource allocation problem

not consign part of the shipment to each
of its destinations; and finally to select

exists, then most linear-integer program

how much coal within the specified minimum

ming methods are guaranteed to converge to

and maximum limits should be purchased.

that solution.

Constraints of this kind and others of

III.

similar complexity cannot be cast into the
form of eqs. 2.1-2.5.

The coal supply process for a power
company begins with the power company in

Another point of consideration is

vestigating various supplies of coal on

that transportation problem formulations

sale.

account for purchase and transportation

The investigation centers mainly on

determining if a given coal supply has

costs, but do not account for demurrage

coal that is of suitable quality for com

costs caused by extended queues at the
product sources or destinations.

COAL SUPPLY PROCESS

bustion in any of the power company's

In the

boiler furnaces.

coal supply process, an opportunity exists
740

The qualitative analysis

includes Btu content, ash fusion

After the contracts for coal supplies

characteristics, slagging characteristics,
fouling characteristics, moisture content,

have been concluded, actual shipment and

grindability, and sulfur content.
If the coal supply meets the quality
specifications, negotiations may begin with

use of the coal may begin.

a seller for a purchase contract.

washed.

A large

Usually, coal

sold to power companies has been screened
and crushed after mining, but has not been
After the preparation of the raw

variety of problems are encountered in the

coal, it is loaded onto some conveyance

contract process that include commerce
laws, tariffs, transportation, trade or

for shipment to the power plant.

veyance may be river barge, railroad car,

ganizations, unions, etc.

or truck.

Also, a number

The con

Sometimes the coal is trans

of people may take part in the negotiations

ported by conveyors to the power plant if

including brokers, wholesalers, sales

the power plant is close to the mine mouth.
Once the loading operation is com

agents, and retailers. Eventually the con
tracts that are concluded are of two kinds:

plete, the actual shipment of the coal be

long term and spot.
The long term contract arrangement is

mine preparation plnat and onto the main

gins.

The shipping units move out of the

used by power companies to certain them

avenues of transport.

selves of an adequate reserve of coal for

mains on its original carrier all the way

an extended period of time.

to the power plant.

The time span

Usually the coal re
This operation is par

of the contract may be five to thirty-five

ticularly true for railroad shuttle trains

years, and the contract is usually negoti

where a string of rail cars and locomotive

ated directly with the mine owners or

are dedicated to transporting coal from

operators.

a mine to a power plant all the time.

The price of the coal pur

chased is low and stable.

How

ever, in some cases, particularly in the

The amount of

coal purchased is usually large and will

North-East of the U.S., the transportation

constitute along with one or two other

costs can be reduced by switching, for

similar contracts most of the coal re

example, from rail transport to river or

quirement at one power plant.

coastal water transport, and then proceed

The long

term contract arrangement lends itself

ing to the power plants.

well to the use of the shuttle train con

tippling operation is required for the

cept of rail transport and hence serves to

transference, and thus additional delay in
shipment and cost results.

reduce transportatiop cost.

Finally, upon

arrival at the plant, the transporting

In contrast to the long term contract
is the spot market purchase.

In this case a

units queue for unloading by the power

It is

characterized by being short term even to
the point of dealing only with a single

plant equipment
The unloading procedure and unloading

shipment of coal to a single power plant.

rates are governed by the methods of coal

It is usually high priced and small quan

transport to the plant.

tity.

to 3500 ton capacity, can arrive in tows

The quality of different purchases

will vary considerably, and the costs of

The barges, 800

of from one to twenty and are unloaded

spot purchases are higher than long term

from the riverbank or pier by rotary scoops

contracts.

or cranes.

The spot purchase can be used

Rail cars, 50 to 100 ton ca

as the sole contract supply for a power

pacity, can arrive in groups of up to 100

plant or used as a supplement for long

cars and are pulled over a hopper under

term contract deficiencies at a power

neath the railroad tracks to be dumped.

plant.
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Finally trucks are usually dumped by the

(2)

truck driver into a conveniently located
hopper.

purchases including location
(loading, in transit, unloading),

The coal that is received is weighed
and sampled.

price (purchase,transport, demur

Then it may be immediately

rage) quantity, and quality.

burned in the power plant boiler furnaces
or stacked out to the storage pile.

status of all contracted coal

(3)

The

all power plant coal stockpile
quantities and prices.

burned coal creates steam that is used in

(4)

the steam turbine - electric generator .

forecasted power plant loads for
a time period of interest.

energy conversion process to create elec

All of the data points 1, 2, and 3 require

tricity.

communication facilities between the com

The individual power plant elec

tricity generation levels are usually set

puter and coal sellers and the power plant

so that economic burning of the coal is

operators.

maintained [42-47].

system load forecasting techniques that are

IV.

Point 4 requires using power

already available.

PROJECTED OPTIMIZATION PROCEDURE

The need for data be

comes apparent after considering the oper
The best use of the optimization of
coal supply is in a large power company or
a power pool.

A power pool consists of a

linear-integer programming.

for the purpose of planning transmission

A brief flow

chart of the interaction of these three

and generation for pool members and/or

stages is shown in Figure 1.

arranging intra-pool power exchanges.

The first

stage is the modified zero-one integer com

Ordinarily coal purchases are arranged by

puter program [48].

individual power pool members for their
own generation power plants. However, coal
purchases made for the member power com

This program accepts

as inputs the list of coal supplies on sale,
the list of power plant coal requirements,
and the possible destination (s) of each

panies on a pool wide basis would have an

coal supply.

advantage of reduced costs as a result of

The calculation of the pro

gram proceeds to determine a list of all

the large quantity purchasing that can be
made.

the feasible ways of purchasing coal in
order to satisfy power plant coal require
ments .

The implementation of such a purchas
ing scheme requires a primary coal pur

This list is the input of the dual

chasing office empowered with the authority

all-integer computer program [49].

to make all coal purchases for all power

This

program calculates, for each feasible pur

In order to main

chase schedule in the list, the quantity of

tain accurate records and to have the best

coal purchased from each consignment on

optimizing system possible, the primary

sale, and the order in which each consign

purchasing office must have a computer

ment of coal will be unloaded at its re

maintained data base consisting of the
following information:
(1)

The algorithm created for this research
is a three stage process that makes use of

confederation of power companies existing

plants within the pool.

ation of the optimization algorithm.

spective destination power plant(s).

This

purchase and unloading schedule seeks to

all known available coal sales

minimize purchase, transport, and demurrage

and data for them that includes

costs subject to power plant coal demands

price, quantity, location, load

and power plant coal unloading facilities.

ing date, and quality of coal.

The last stage of execution in the

742

Figure 1.

Optimization Process

algorithm is the economic dispatch computer
program [50].

The procedure of sensitivity analysis

This program accepts as in

used in this research consists of perturb
ing each parameter of interest up and down

puts, the load forecast for the power sys
tem and the $/Btu and number of Btus for

from its original value for a sufficient

each coal shipment at each power plant.

number of values.

Then the coal at each power plant is dis

program and economic dispatch program are

patched on a "highest cost in first out"

rerun in sequence to determine a new total

basis for the forecasted load in the sys

cost.

tem.

each up and down perturbation of each
The costs found in the dual all-inte

The dual all-integer

A new total cost is obtained for

parameter.

The original problem total cost

ger program and the economic dispatch pro

is subtracted from each new total cost and

gram are summed to yield a total cost of

either tabulated or plotted on a graph with

operation.

A total cost of operation is

the difference of the new parameter value

found for each feasible purchasing sche
dule in the manner described above.

and original parameter value.

The

Finally, the

tabulated values or graphs are analyzed for

optimum solution is that solution which

good or bad results by a convenient cri

has the lowest cost.

teria.

An additional feature of the algorithm
is its ability to calculate the sensitivity

changes that are significantly less than

of total cost to changes in input param

influencing within their ranges.

eters.

eter changes which yield cost changes near

Parameter changes which yield cost

1% can be considered reasonably low cost

The sensitivity of the optimal

Param

solution to parameter perturbations is im

or over 1% can be considered reasonably

portant because, with proper analysis, it

high cost influencing within their ranges.

can:

(1) identify cost reduced solutions

V.

EXAMPLE PROBLEM

from the original solutions, and (2) iden
Now consider a numerical example prob

tify input parameters that cause large

lem that exercises the options and con

over-all cost changes for small errors.
The sensitivity studies used in this work

straints, for the total optimization pro

concentrate on these two objectives.

cess.

In

The particular problem chosen con

the first case, the parameters of interest

sists of three power plants interconnected

involve only the parameters that are con

into a five-bus power system network and

trollable because only they can be used to

serviced by eleven available purchases of

cause favorable cost changes.

coal for a time span of seven days.

In the

The data describing the power system

second case, the parameters of interest
are only the parameters that are uncon

is shown in Tables I-III.

Table I shows

trollable because they can cause unfavor

the power plant data, Table II shows the

able cost changes.

bus and element data given in 100 MVA,
138kV per unit base, and Table III shows
743

the peak load forecast in per unit and sys

is shown in Tables IV and V.

Type

Bus

tem load profile.
The data describing the coal purchases
Table IV

Load Percent

Voltage Limits

swing
voltage control
voltage control
load
load

1
2
3
4
5

(b)

shows the coal purchase option type, des

0.0
13.0
27.0
24.0
36.0

1.06
0.9 - 1.1
0.9 - 1.1

bus data

tination^), shipment number(s), purchase
Table III.

plus transport cost per ton, method of

Peak Load Data and System Load Profile

transport, capacity of transport units in

Day

MW

MVAR

1
2
3
4
5
6
7

8.0
10.0
11.0
11.0
10.0
7.0
6.0

6.0
9.0
8.0
10.0
5.0
5.0
6.0

tons, and the coal supply limits in tons of
coal.

Table V shows the purchase numbers,

shipment number(s) of each purchase, arri
val date(s) of each purchase, and demurrage

(a)

cost(s) per shipping unit per day for each
purchase.

Peak Load Data

Tables I-V are all the data

needed to begin the study.
Table I.

Power Plant Data

Power Plant 1
Location:

bus 1

Input-Output Curve:

y = 0.006 px2 + 2.0

Real Power Limits:

500 MW to 10 MW

p 1

+

140.0

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirement:

31000 tons.to 50000 tons

Stockpile Cost:

$8.7 x 10 7 per Btu

Power Plant 2
Location:

6

bus 2

Input-Output Curve:

y = 0.0075 p22 + 1.5 p2 + 120.0

Real Power Limits:

500 MW to 10 MW

12

18

Time, Hours
(b)

System Load Profile

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirements:

38000 tons to 50000 tons

Stockpile Cost:

$8.0 x 10 7 per Btu

T a b le

IV .

C o a l P u rch a se D ata
P art 1

Power Plant 3
Location:

bus 3

NO.

Input-Output Curve:

y - 0.014 p32 + 3.6 p3 + 100.0

Real Power Limits:

500 MW to 10 MW

OPT.

24000 tons to 50000 tons

Stockpile Cost:

$9.0 x 10 7 per Btu

2

Table II.

3

Element and Bus Data

4

Bus Code
1-2
1-3
2-3
2-4
.2-5
3-4
4-5

Impedance

Line Charging Susceptance

0.01 + j 0.03
0.04 + j 0.12
0.03 + j 0.09
0.03 + j 0.09
0.02 + j 0.06
0.005 + j 00.015
0.04 + 0.12
(a)

0.0
0.0
0.0
0.0
0.0
0.0
0.0

+
+
+
+
+
+
+

j
j
j
j
j
j
j

SHIP
NO.

$ FOB
COST/
TON

1

1
2
3
4
5
6
7

25
26
27
28
29
30
31

3

Reactive Power Limits: 500 MVAR to -500 MVAR
Coal Requirements:

DEST
PLANT

0.06
0.05
0.04
0.04
0.03
0.02
0.05

* R = R a ilr o a d
L = B a rg e
T = T ru ck

element data
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1
2
3
1
2
1
2
3
1
2
3

9
10
11
12
13
13
13
14
14
14
15
16
16

25

26

27

28

MODE
*

U N IT CAP.
TON

R
B
R
B
B
R
B
B
R
R
B
R
R
B
R
R
B
R
T
B
R

100
1000
50
1000
1000
50
1000
1000
50
100
1000
50
100
1000
50
100
1000
50
10
1000
50

M IN.
AM.
TONS

AM.
TONS

10000
12000
5000
5000
5000
2000
6000
6000
6000
4000

10000
12000
5000
5000
15000
4000
10000
10000
10000
6000

1000

12000

2000

8000

1000

2000

Table V.

the quantity of coal selected from each

Coal Purchase Data
Part 2

shipment, and Table VIII shows the order
Demurrage Cost Per Unit Per Day
SHIP
NO.

PUR.
NO.

1
2
3
4
5
6
7
8
9
10
11
12
13
13
13
14
14
14
15
16
16

A
B
C
D
E
F
G
H
I
J
K

ARR.
DATE
1
1
1
2
2
2
3
3
3
2
3
4
4
2
3
4
4
3
1
5
6

of unloading of each shipment at each
1

2

3

4

5

6

0
0
0

2
10
4
0
0
0

2
10
4
30
10
3

4
20
4
30
20
3
0
0
0
3
10
0
0
50
3
0
0
6
4

4
20
4
40
30
8
60
60
6
5
30
7
9
90
3
5
20
7
4
0

6
30
4
40
40
9
60
60
6
7
50
7
9
130
3
5
20
8
4
60
0

0

0

1
0

0

10
0

4

0
4

7
6
30
4
50
50
0
60
60
6
9
70
7
9
170
3
6
70
9
4
70
5

Table VI.
FEAS. SOLN.
NO.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

The first stage of the optimizing al
The list of coal

1
2
3
4
5
6
7
8
9
10
11
12
13
13
13
14
14
14
15
16
16

coal requirements listed in the tables
The re

sults of its execution are shown in Table
VI. There are 14 feasible solutions or
methods of purchasing and shipping coal
that will satisfy the power plant coal de
mands.

Each shipment number that is used

is shown in a list next to its feasible
solution number in the Table.
The second stage, dual all integer
program, is executed for each feasible
solution in the list generated by the modi
fied zero-one integer program.

1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3

4
4
4
4
4
4
4
4
4
4
4
4
4
4

5
5
5
5
5
5
5
5
5
5
5
5
5
5

SHIPMENT NUMBER

shipments available and the power plant
shown are input into the program.

SHIPMENT NUMBER LIST
6
6
6
6
6
6
6
6
6
6
6
6
6
6

7
7
7
7
13
13
13
13
13
13
13
13
13
13

15
15
16
16
8
8
8
8
9
9
9
9
9
9

14
14
14
14
10
10
15
12
10
10
15
15
12
16

11
12
12
11
15
16
12
16
15
16
12
11
16
11

13
13
13
13
14
14
14
14
14
14
14
14
14
14

Table VII.
Amount of Coal Ordered From Each Coal
Purchase for Feasible Solution 1

gorithm, modified zero-one integer pro
gram, is executed first.

Feasible Purchase Schedule

to
to
to
to
to
to

Power
Power
Power
Power
Power
Power

Plant
Plant
Plant
Plant
Plant
Plant

TONS ORDERED
10000
12000
5000
10000
15000
4000
9000
0
0
0
6000
0
0
5000
7000
0
0
8000
2000
0
0

1
2
3
1
2
3

to Power Plant 2
to Power Plant 3

i
l

i
1

Constraints

Total Cost

$2545000

and an objective function are created that
will select the quantity of coal purchased

plant.

from each shipment and that will determine

each of the other feasible solutions.

in what order the shipments will be un

This procedure is followed for

The last stage of execution is the

loaded at their destination power plants.

economic dispatch program.

The purchasing and unloading arrangements

the dual all-integer program for each

The results of

will seek to minimize purchase, transpor

feasible solution are the inputs to the

tation, and demurrage costs subject to

economic dispatch program.

The program is

power plant coal requirements and power

executed for each feasible solution and

plant coal unloading capacities.

yields an operation cost for each feasible

The re

sults of the dual all integer execution

solution.

for the first feasible solution are shown

curement cost (calculated as the sum of

in Tables VII and VIII.

the purchase, transport, and demurrage

Table VII shows
745

The operation cost and the pro

Table X. Quantity of Coal Purchased for
Feasible Purchasing Schedule 8

Table VIII. Unloading Schedule for
Feasible Solution No. 1

SHIP
NO.

Power Plant 1
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7

1
4
7
15

SHIP
NO.

80

20
7

3

40

40

40

7
40

2
40

960

Power Plant 2
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7
10

2
5
11
13

TONS

SHIPMENT
NUMBER

TONS

1
2
3
4
5
6
7

10000
12000
5000
10000
15000
4000
0

8
9
10
11
12
13 to Pit 1
13 to Pit 2

9000
0
0
0
6000
11000
0

Total
Cost

2545 K$

SHIPMENT
NUMBER
DEMURRAGE
COST,$

DEMURRAGE
COST,$

Table XI.

2
8

7
6
2

3

SHIPMENT
NUMBER
13
14
14
14
15
16
16

to
to
to
to

Pit
Pit
Pit
Pit

TONS
3
1
2
3

to Pit 2
to Pit 3

1000
0
2000
6000
0
0
2000

Unloading Scheme of Feasible
Purchasing Schedule 8

20

Power Plant 1
SHIP
NO.

Power Plant 3
NO. OF SHIPPING UNITS UNLOADED PER DAY
DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7

DEMURRAGE
COST,$

100

3
6
13
14

80
40
60

300

100
100

costs) are summed to yield the total cost.
These numbers are shown for each feasible
solution in Table IX.
Power Plant 2
Table IX.

Results of Optimization

FEASIBLE
SOLUTION

PROCUREMENT
COST, K$

OPERATION
COST, K$

TOTAL COST
K$

1
2
3
4
5
6
7
8
9
10
ii
12
13
14

2546
2546
2545
2545
2546
2545
2545
2545
2545
2545
2547
2546
2545
2545

3569
3564
3567
3568
3558
3551
3554
3551
3556
3552
3564
3557
3573
3570

6115
6110
6112
6113
6104
6096
6100
6096
6102
6097
6111
6103
6119
6115

Power Plant 3

The optimal purchase arrangement is
shown to be feasible solution number 8 or
number 6.

Number 8 is chosen as optimal

because it had the lowest total cost before
the solutions were rounded to the nearest
kilo dollar.

The sensitivity study conducted for this

The quantity of coal pur

chased and the order of unloading for fea

example problem considers the variations in

sible solution number 8 are shown in

cost to variations in a controlled param

Tables X and XI.

eter.

The controlled parameter of interest

is the quantity of coal needed for each
power plant.

This quantity is determined

by the power company and is usually in
746

part a function of each power plant's coal
stockpile quantity.

Since the quantities

of coal in the stockpiles can be allowed
to fluctuate, the power plant coal demands
can be manipulated.

Hence the purpose of

the sensitivity study is to perturb the
power plant coal requirements over a range
of values and determines the total cost
change with respect to the optimum feasi
ble purchase schedule number 8.

The per

turbation ranges chosen are +2, +4, +6, +8
and +10 percent above and below the origi
nal power plant coal requirements.

The

requirements are calculated for each per
cent for each power plant, and the entire
optimization algorithm is rerun for each
new requirement.

The results of these

changes are graphed for each comparison
and shown in Figures 2-4.
Figure 2. Graphed Results of Changing
Coal Requirements for Power Plant 1

Each graph indicates that for each
power plant, the cost of coal supply be
comes infinite for positive increases of
coal requirements in the range of 1500
tons.

This cost results from the total

coal supply available not being able to
meet the newly imposed power plant demands.
For reduced coal requirements at each power
plant, the graphs show that power plants 1
and 2 exhibit nearly linear decreases in
cost for the range of interest, with power
plant 1 showing a slightly faster rate of
decline.

However, power plant 3 is not

linear in the same range because of one
cost fluctuation that becomes positive for
a reduction in power plant coal require
ments of nearly 2000 tons.

The reason for

the sudden increase seems to be an unusual
interaction of the new shipment schedule
with the economic dispatch program.
The conclusions created from this
data are:
Figure 3. Graphed Results of Changing
Coal Requirements for Power Plant 2

(1) Increases in power plant coal
requirements quickly consume all
of the available coal supply.
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supply, power plant unloading facilities,
and various shipping options.

A procedure

for analysis of the sensitivity of optimal
solutions to perturbations in purchase
quantities was presented.

This procedure

can be used to indicate alternate shipping
arrangements that can reduce overall costs
without re-running the entire algorithm.
An important result in this work is
the inclusion of unloading operations in
transportation problems for which a homo
geneous product is shipped by inhomogene
ous methods.

The developed equations al

low for minimization of demurrage cost and
include unloading capacities at the desti
nations.

While the problems dealt with in

this research allow for time divisions of
days, the construction of the problem con
straints can allow for fine tuning opera
Figure 4. Graphed Results of Changing
Coal Requirements for Power Plant 3

tions on any time division, e.g., seconds,
minutes, hours, etc.

(2) Decreases in power plant coal
requirements yield fairly stable

well as unloading operations is straight

declines in cost for power plants
1

and

2

The extension of the

procedure to include loading operations as

.

forward, and is an application of the
given equations to account for maximum

(3) Decreases in power plant coal re

loading capacity and supply point product

quirements yield unstable de

limitations.

clines in cost for power plant 3.

not restricted to coal supply, but could

(4) If a total cost reduction is

The use of the technique is

needed, the most reliable power

be used for grain transport, iron ore
transport, etc. A second important result

plant to achieve a reduction

is the inclusion of a product (coal) use

would be power plant

at its destination as a deciding factor in

1

, because

of its stable and more rapid

selecting a purchase schedule.

cost decrease for decreasing

The most important additional work

coal requirements.
V.

that needs to be done is development of a
method to include coal quality as a vari

CONCLUSIONS

able of consideration in choosing a mini

The use of this optimizing algorithm

mum cost solution.

for power pool use will allow power pools

The foreseeable market

to buy large quantities of coal at low

situation for coal in the future indicates

cost, transport, unload, and use the coal

that there will be a high demand with a

in an optimized fasion.

low supply.

The optimization

Therefore prices for coal

process minimizes the purchase, transpor

will remain high.

tation, and demurrage costs of coal sub

to purchase the best coal, in terms of

ject to power system operations, power

quality, at the lowest price.

plant coal requirements, coal purchase

ness" of coal quality is a function of

748

Hence it is important
The "good

pollution regulations, furnace and

auxiliary component design, and even the

structuring of the problem for the most

potential recovery and sale of chemical

reliable results.

compounds from the ash and slag residue
of burned coal.

would consist mainly of determining the
best length of time for the study in terms

There are two primary problems asso

of market fluctuations and load profile

ciated with including coal quality in the
problem.

forecasting.

The first is that the behavior
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